The Small Angle Scattering from inhomogeneous particles is very important in the investigation of biological systems, where the scattering objects might be formed by many domains. For these systems, the scattering intensity, as well as its Fourier transform, are written as a sum of different contributions. In this work, for the simple case of two domains, the form factors of different scattering particle shapes, such as the oblate, prolate and biaxial ellipsoids, spherocylinder and disks were calculated by using a Monte Carlo method. Finally, SAS data of sodium lauryl sulfate micelles in water were analysed by using a model that accounts for polydispersity and micelles of different shape.
Introduction
The knowledge of the shape and hence of the form factor of inhomogeneities is important to evaluate SAS data. In the case of dilute and monodisperse systems, the reconstruction of the shape of homogeneous scattering particle from the low resolution SAS data by using the multipole method is well established (Svergun et al., 1996 , Spinozzi et al., 1998 , but the data from polydisperse systems or from system containing inhomogeneous scattering particles cannot be treated without assuming a model for describing the particle shape. The form factors for various inhomogeneous particles, such as particles consituted by spherical, elliptical, cylindrical and sphero-cylindrical concentric shells with different scattering density, are available in a fully or semianalytical form (Pedersen, 1997) . In dilute systems, SAS intensity can be also used to obtain the particle distance distribution function p´rµ, and the electron (or matter) density function ´rµ, without a priori modelling, using for instance the Indirect Transformation Process (ITP) (Glatter, 1981) . The ITP method requires a defined symmetry (spherical, cylindrical or lamellar) and can be used as well for inhomogeneous (or multi-domain) particles. For more concentrated systems, a treatment of both inter and intra particle interferences is required, what can be made following Hayter & Penfold (1981) separation of SAS intensity in a particle form factor P´Qµ and interference function S´Qµ. But such treatment is restricted to spherical (or nearly so) symmetry.
In this paper, we present a Monte Carlo method to calculate the SAS curve from scattering density distribution of multi-domain model particles without interference (S´Qµ 1). The present method, which is an extension of a previous paper (Bianco et al., 1998) where particles with an irregular inner structure were considered, appears specially useful to analyze SAS data of inhomogeneous and polydisperse particles that are not necessarily centro-symmetric. The method is, however, initially used for shapes with some symmetry, in order to be fully tested.
The case of micellar systems constitutes a good example of multidomain particles. Direct micelles are usually formed by amphiphilic molecules (lipids, detergents) in water: the inner micellar region is filled by the hydrocarbon chains of the amphiphilic molecules, and a polar shell, where their hydrophilic heads lie, separates the paraffinic core from the water medium. A detailed analysis of SANS and SAXS results on such systems has been made by Zemb & Charpin (1985) . In the case of neutron scattering a sharp contrast exists between the core and the aqueous phase (including the polar interface) so a homogeneous particle model holds. SANS is extremely sensitive to interparticle interference, present even at low dilutions. In the case of X-ray scattering, the core has a lower electron density than the solvent, but the interface has a higher electron density. A micelle is seen in this case as a hollow shell and the dominant peak comes from intra-particle interference. It has been shown (Zemb & Charpin, 1985) that a quantitative analysis of SAS scattering in absolute scale of intensities requires an assumption on spherical packing of all molecules (amphiphile and bound water) that constitute the micelle. The pertinent model parameters are then the aggregation, the hydration numbers and the charge. But the precision obtained in SAXS absolute scaling is low, and analysis has been restricted to 2 wt % solutions (Zemb & Charpin, 1985) .
It has been shown by Itri & Amaral (1991 , 1994 that SAXS analysis of micellar systems with concentrations up to 10 wt % can be made following ITP procedure (Glatter, 1981) , which minimizes the influence of inter-particle interference at small angles, giving good results for both p´rµ and ´rµ. For even higher concentrations, Hayter & Penfold (1981) approach has been used (Itri & Amaral, 1993) to analyse SAXS data, giving consistent results. However, it is difficult in both methods to have a real evaluation of the errors induced by symmetry deviations.
The Monte Carlo method presented here was first checked against the analytical calculation of the form factor for a prolate ellipsoid and subsequently was applied to two-domain scattering particles with different shapes, i.e. ellipsoids (prolate, oblate and biaxial), spherocylinder and disk-like micellar particles. Data obtained with a micellar system were also fitted using a polydisperse model.
Theoretical background
We consider a system of Np identical heterogeneous particles per unit volume, composed of N d different domains, each of them with a constant scattering density i (coherent scattering length or electron density in SANS and SAXS, respectively) and a volume Vi, embedded in a homogeneous solvent of scattering density 0. The system is dilute enough so that the interparticle contribution to the scattering intensity can be neglected. In these conditions, the scattering intensity can be written using the Debye equation as (Guinier & Fournet, 1955) I´Qµ Np
where Q 4 sin is the modulus of the scattering vector Q ( is the wavelength and 2 the full scattering angle) and the partial form factor, Pij´Qµ, is the isotropic Fourier Transform of the probability pij´rµ (normalised to the unit integral) that a vector of length r has one end in the phase i and the other end in the phase j. It is useful to write the scattering intensity as I´Qµ Np´∆ Vpµ 2 P´Qµ, where the contrast, ∆ , is defined in terms of volume fractions ³i Vi Vp (Vp is the total particle volume) of phase i, conference papers (2) and the dimensionaless particle form factor, P´Qµ, is a combination of the partial form factors Pij´Qµ (Eq. (1)),
with ¬i ´ i 0µ ∆ . From Eq. (3) it is straightforward to write the isotropic Fourier transform p´rµ of the form factor P´Qµ,
The particle radius of gyration, Rg, is a combination of partial radii, Rij, by
It is clear that in the case of multi-domain particles the values of I´0µ and Rg have nolonger in general a physical meaning independent on the model, particularly the volume fractions and then the contrast (Eq. (2)) depend on the particle model. Therefore we consider the form factor P´Qµ as a dimensionaless scattering intensity (P´0µ 1). 
Figure 2
Comparison between the form factor P´Qµ of an ellipsoid calculated from the analytic expression (Marignan et al., 1986 ) and the Monte Carlo method. The Monte Carlo partial form factor P i j´Q µ are also reported.
Monte Carlo method
Let us assume that the heterogenous scattering particle is formed by N d homogeneous domains, each of them described by a domain center Ri and a function si´rµ, which gives the probability that the point r·Ri lies into the domain i. In the case of "compact" domains, the function si´rµ can be described by a unique two-dimensional angular function i´ rµ (Stuhrmann et al., 1977) , as
The function i´ r µ represents the distance of the domain border from the domain center Ri in the direction r ´«r ¬rµ.
From a general point of view, the N d´Nd · 1µ 2 partial distance distribution functions pij´rµ can be calculated by a Monte Carlo approach, where each domain function si´rµ is described by a collection of random points. In order to simulate domains with uniform scattering densities, the number of random points Mi for the i-th domain should be proportional to its volume Vi. Being rmax the maximum value of all the functions i´ rµ, the reference sphere with such a radius will contain all the domains, once they have been moved in order to let their centers coincide (i.e. Ri 0). If one samples this sphere with MA random points, the i-th domain will be defined by a number of points Mi proportional to its volume Vi. The Monte Carlo sampling within the reference sphere is performed by using the polar variables «r, cos ¬r and r 3 randomly distributed in the ranges 0 2 , 1 1 and 0 r 3 max , respectively. According to Eq. (7), the random point k is accepted for describing the i-th domain only if r k i´«r k ¬r k µ. All the Mi points in each volume Vi are then translated in the point Ri to construct the whole multi-domain scattering particle. The portions of space that might result to be common between two subunits i and j with j i are checked using the method developed by Hansen (Hansen, 1990) and assigned to the j-th domain. 
where ∆r is the grid amplitude in the space of radial distance, and r kl the distance between the k-th point of the domain i and the l-th point of the domain j. H´xµ is a step function (H´xµ 0 if x 0 and H´xµ 1 if x 0). In this work, the number of random attempts was MA 2 ¡ 10 4 and the radial grid amplitude ∆r 1Å. Boundary shape functions i´ rµ can be easily found analytically for ellipsoids, spherocylinders and disk-like particles; in general, every i´ rµ can be expressed by an expansion of spherical harmonics (Svergun et al., 1996) . Recently, group theory and maximum entropy concepts were integrated into this method by Spinozzi et al., 1998 .
Polydispersity
The domain surfaces need no longer be hard, but can be associated with a range of dimensions as described by suitable distribution functions. The scattering intensity is now an average over size and shape of the N d domains and can be expressed as I´Qµ Np ´∆ Vpµ 2 P´Qµ , where the polydispersity average of the dimensionaless form factor, P´Qµ , is given by
and ´∆ Vpµ 2 Ê dX f´Xµ ∆ ´XµVp´Xµ 2 . The symbol X represents the collection of NX variables describing the whole set of N d boundary functions i´ rµ and f´Xµ the polydispersity function. In a simple approach, we assume that f´Xµ (normalised to the unit integral) is a combination of decoupled log-normal curves,
where Xi and
Xi 2 are the average and the dispersion of the i-th variable, respectively.
Result and Discussion

Some examples
We have chosen as an example the micellar system described in section 3.2. (since the theoretical model will be used to fit experimental data on such system), with scattering densities pol and par for the polar head group and the hydrocarbon chains, respectively.
The analytical form factor of an ellipsoidal micelle with inner halfaxes´c c aµ and polar head group thickness, AE, was reported by Chen and coworkers (Marignan et al., 1986) . Thus a first test of the Monte Carlo method presented here was to check its capability to reproduce the analytical expression. The electron densities for the micellar model were fixed to par 0 28 e Å 3 , pol 0 42 e Å 3 , 0 0 33 e Å 3 . The geometrical parameters were AE 4 6Å, c 16 7Å, and a 41 8Å. The results of the calculations performed on a prolate ellipsoid are reported in Figs. 1 and 2 . In the first figure, the partial radial distribution functions pij´rµ as well as the total p´rµ are shown, while Fig. 2 shows the corresponding partial form factors Pij´Qµ. The form factor P´Qµ of the ellipsoid calculated using the Monte Carlo method (Eq. (3)) and from the analytical expression are also reported in Fig. 2 . The comparison between the two curves indicates that the agreement is excellent. In Fig. 3 the Monte Carlo form factors for other two-domain particle shapes, such as oblate ellipsoid, spherocylinder, biaxial ellipsoid with c 1 2b, and disk-like forms are reported. For all shapes, the semi-axis b was fixed to 16 7Å, corresponding to the average length of the hydrocarbon chains in this system (Itri & Amaral, 1991) . Taking as reference the paraffinic volume of a spherocylinder with a 2b, the semi-axis a for all the other forms was chosen such as to reproduce the reference paraffinic volume. It is evident that the form factors of different shapes show only slight change of the position of the first peak (around Q 0 15Å 1 ) but very different heights, while the position and height of the second peak strongly depends on the particle shape.
Analysis of SAXS data of SLS / water system
The Monte Carlo method presented here was used to fit data obtained at the LNLS synchrotron in Brazil (SAXS station) on the micellar system Sodium Dodecyl (Lauryl) Sulfate (SLS) in water. The sample was prepared as described previously (Itri & Amaral, 1991 , 1993 , 1994 , but with a smaller concentration (1 wt %). Results in the range 5-15 wt % obtained with conventional sources were analyzed with ITP method (Itri & Amaral, 1991 ,1994 , which does not give a good discrimination of the micellar form. For such concentrations a form factor alone cannot fit the the low angle region where interference effects appear. We report the fitting obtained with 1 wt % concentration (which required synchrotron intensities), in the Q range free from influence of the direct beam. The data analysis was performed by fixing the electron density of the paraffinic chain par 0 28 e Å 3 and of the solvent 
Figure 4
Experimental scattering intensity Iexp´Qµ of the system SLS / water (with 1 % w/w of SLS) and the fitting curves obtained by using polydisperse two-domain spherical (SP), biaxial ellipsoidal (BE) (bottom plot), prolate ellipsoidal (PE) and spherocylindrical (SC) (top plot) models. The upper curves are shifted by 1 for clarity.
The electron density of the polar head were pol 0.42, 0.40 and 0.37 e Å 3 , according to Itri & Amaral, 1993 . For each combination of these constants, monodisperse and polydisperse systems of particles of different shapes, i.e. spheres, oblate, prolate and biaxial ellipsoids, spherocylinder and disks, were attempted for the fit. The quality of the fitting was measured through a merit function defined as
where P´Qµ is determined from Eq. (9), AEi is the experimental error on the i-th point, is a scaling factor (also proportional to Np) and B is a flat background. NF is the number of arbitrarily chosen fitting parameters. By using the minimization routine ZXMIN (CERN library), iterations between 100 and 200 are required to the convergence, with an elapsed CPU time approximately between 20 and 30 min. The results of the fits for the four best models are given in Fig. 4 (arbitrary units) and Table 1 . The first point to remark is the absence of the second peak in the experimental curve, which allows a better agreement by using the polydisperse model (for the a and c axis) rather than the monodisperse one.In all cases best fits were obtained using pol 0 42 e Å 3 .
Moreover, attempts to fit the curve with oblate ellipsoids and disk-like shapes gave poor results. Considering the shapes reported in Table 1 , the sphere was discarded in view of the poor merit function, due essentially to a poor fit for Q 0 12Å 1 and Q 0 23Å 1 . The biaxial ellipsoid turns out in fact to be a prolate ellipsoid, and therefore a true biaxial form can also be eliminated. The similarity of the prolate ellipsoid and the spherocylinder fits can be appreciated in Fig. 4 . Both forms give a good fit, with similar values of 2 . However, differencies are noted: the a axis is smaller for the spherocylinder and the different values refer to different number densities Np and volume of the scattering particles.
In conclusion, the present results show that our approach can be successfully used to obtain information about the shape of multi-domain scattering particles. In the case of the binary SLS / water system only spherocylinder and prolate ellipsoids provide possible models with only slightly differencies in dimensions and polydispersity. This information can be very useful for further investigations of changes in shape and dimensions of micelles, particularly as predicted to occur in mixed micelles (Amaral et al, 1997) and other systems of biochemical interest.
